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The lithosphere provides a reservoir for ore-forming elements introduced by repeated fertilisation during
asthenosphere-lithosphere interaction by the slab subduction. Here we use the Gangdese copper metal-
logenic belt to show how mineralogical study can help to interpret these mantle signatures. We present
insights into the in-situ geochronological, geochemical and whole-rock isotopic analyses of minerals from
mantle-derived lamprophyres that intruded the Bairong Cu-porphyry deposit in the Gangdese metallo-
genic belt. Zircon U-Pb dating yields weighted-mean concordant 206Pb/238U ages of 11.69 ± 0.27 Ma to
12.41 ± 0.83 Ma. These zircons show juvenile eHf (t) (+1.0 � +10.9) and low d18O (5.5‰ � 7.7‰) values.
Variable initial 87Sr/86Sr ratios (0.7073–0.7080), eNd(t) values (�6.3 � �5.0) and initial 187Os/188Os ratios
(0.1382–0.1591) suggest hybridization between lithosphere mantle and asthenospheric melts.
Phlogopites in the lamprophyres reflect partial dissolution and incipient melting with low Mg# values
but high Al2O3 contents in core. And these phlogopites are surrounded by a zone with high Mg# values.
We interpret this as superheating and hybridization of refractory lithosphere mantle and asthenosphere.
The 3-D magnetotelluric and seismic signature of the Gangdese mineral belt reflect a mantle source
region comprising asthenosphere, old refractory lithosphere, ponded mafic melts near the crust-mantle
boundary, and higher-level magma chambers where more extensive mixing between crust- and
mantle-derived melts occurs. The asthenospheric upwelling provides a mechanism for heat transfer
and the expulsion of volatile elements. It is generating a new young, fertile lithosphere beneath the
southeast Lhasa block, which has driven the mineralization processes in the Gangdese metallogenic belt.

� 2022 Published by Elsevier B.V. on behalf of International Association for Gondwana Research.
1. Introduction

Most of the continental lithosphere formed in the Archaean eon
(e.g, Griffin et al., 2009) and provides stability to Earth’s surface,
which is critical for maintaining habitability. While providing
stable continental blocks, the continental lithosphere is reshaped
during tectonic processes by chemical and physical modification.
This cratonic lithosphere may also provide a long-term stable
reservoir for ore-forming elements introduced by repeated fertil-
ization (e.g., Griffin et al., 2013; Tassara, et al., 2017). Hence, this
fertilization, and the exchange of mass and heat between astheno-
sphere and lithosphere, may be a major factor in the generation of
large ore systems (e.g., Holwell, et al., 2019). Here we examine this
exchange within the lithosphere beneath a major Miocene Cu-Au
porphyry metallogenic belt in a continental-collision environment
in the Lhasa block of southern Tibet.

The Lhasa block, situated at the front of the India-Asia colli-
sional belt, is a good place to explore the exchange of mass and
heat during continental convergence (e.g., Zhu et al., 2011). Recent
geophysical observations have identified contrasts in the present-
day thermal regime from west to east in the Lhasa block using seis-
mic tomography (e.g., Liang et al., 2016), seismic anisotropy (Chen
et al., 2015a, 2015b) and magnetotelluric (MT) methods (Wang
et al., 2017). The geophysical signature of the Gangdese metallo-
genic system comprises significant low velocity zones, large time
lags (1.0–2.0 s) of shear-wave splitting (SKS) travel-time residuals,
and a deep conductor in the eastern part.

Lamprophyres and related ultra-potassic rocks (UPRs) occur
over much of the Lhasa block (Li et al., 2020, 2021). They represent
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low-volume melts, and carry vital information on the state of the
continental root at the time of major mineralization (Fig. 1, e.g.,
Zhao et al., 2009, Huang et al., 2015). These erupted and/or injected
mafic magmas also provide an opportunity to study the enrich-
ment processes and the compositionally heterogeneous mantle
sources associated with the generation of these unusual magmas
(e.g., Tappe et al., 2005). Several studies of UPRs have indicated
the involvement of a subcontinental lithospheric mantle (SCLM)
with radiogenic Rb-Sr and Lu-Hf isotopes and unradiogenic Sm-
Nd isotopes beneath the western part of the Lhasa block (Zhao
et al., 2009). In this study, we use mantle-derived mafic lampro-
phyres in the Bairong porphyry deposit in the southeastern part
of the Lhasa block (Fig. 1) to provide temporal constraints on the
thermal and chemical evolution of the continental lithosphere to
identify the mechanisms reflected in the geophysical signature of
the mineralization of the Gangdese belt.

2. Geological setting and samples

The Lhasa continental fragment is a Precambrian block (e.g.,
Zhu et al., 2011), that rifted from eastern Gondwana and moved
across the Tethyan Ocean during the early Mesozoic (e.g., Yin
Fig. 1. A. Simplified geological map of southern Tibet showing the main tectonic units an
porphyre deposits. Eastern Miocene ultrapotassic mafic rocks have been recognized at Ba
wave velocity structure beneath the Lhasa terrane (southern Tibet) from seismic tomogra
253 km (Liang et al., 2016) with ultrapotassic rock locations (gray and green spots). IYZ
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and Harrison, 2000). The long-term subduction of Neo-Tethyan
slabs beneath the Lhasa block built juvenile magmatic arcs on this
older core (e.g., Zhu et al., 2011). After the closure of the Neo-
Tethyan Ocean, a nearly east–west belt of Miocene UPRs, as well
as a coeval world-class porphyry Cu-Mo metallogenic belt were
generated within the Lhasa block (Fig. 1). The UPR belt decreases
in age from 24 Ma to 11 Ma from west to east. It extends from
the city of Shiquanhe at � 79�E, through the Sailipu, Bongba,
Xunba, Mibale, Maiga, Zhabuye, Chazi areas, to the eastern Zhunuo,
Bairong, and Jiama Cu-porphyry deposits at � 92�E (Table DR1;
e.g., Zhao et. al., 2009; Sun et. al., 2018). Most UPRs in the west
(79 � 80�E–88 � 89�E; Fig. 1) intruded a Precambrian subterrane
with old Hf-isotope crustal model ages, while rare ultrapotassic
lamprophyres from the eastern Cu metallogenic belt intrude
younger and more juvenile crust (88–92�E; Fig. 1). The western
UPRs (WUPRs) occur as lava flows unconformably overlying Creta-
ceous–Paleogene volcanic-sedimentary sequences (e.g., Miller
et al., 1999). The eastern UPRs (EUPRs) crop out as dikes in the
Gangdese porphyry Cu deposits (Bairong, Zhunuo and Jiama; Xu
et al., 2017a; Sun et al., 2018).

The Bairong diopside-phlogopite lamprophyres occur as dikes
cutting Miocene granodiorites in the Bairong porphyry copper
d the spatial distributions of Miocene ultrapotassic mafic rocks and coeval Gangdese
irong, Zhunuo and Jiama porphyry Cu deposits (modified after Hou et al., 2015). B. S-
phy. The west-to-east (A to B) vertical cross section of Vs model over depths of 50–
SZ: Indus–Yarlung-Zangbo suture zone; BNSZ: Bangong-Nujiang suture zone.



Fig. 2. Representative hand specimens (A), microphotograph (B) and phlogopite back-scattered electron (BSE) images (C-D) from the Bairong minettes (south Tibet). Di,
diopside; Phl, phlogopite.
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deposit, located in the southeast Gangdese belt (E 89�; Fig. 1).
Together with the Tinggong and Chongjiang copper deposits,
which all occur within an area of 10 km2, the area contains 600
Mt of copper ore (Hou et al., 2015). The lamprophyres are generally
fresh (Fig. 2A), which comprised diopside (�1–3 mm) and phlgo-
pites (�5–7 mm) phenocryst (Fig. 2B–F).
3. Geophysical observations

Recent magnetotelluric (MT) data reveal the 3-D electrical
structure of the lithosphere across southern Tibet. The inversion
found an electrically conductive body beneath the Bairong area
(89�-90�), with a lower boundary at depths of approximately
80 km. This lower boundary has been interpreted as reflecting
increasing temperature induced by asthenospheric upwelling
(Wang et al., 2017). The difference in mantle composition and ther-
mal state beneath the southeastern parts of the UPR belt is also vis-
ible in recent high-resolution seismic-tomography images (Fig. 1B;
Xu et al., 2017a, Liang et al., 2016). An elongated low-velocity
anomaly is observed beneath the southeast Lhasa block belt,
extending from the base of the crust to > 300 km depth and from
89�E to 92-93�E. This low-velocity zone has been interpreted as a
hot upper-mantle segment (Liang et al., 2016, Xu et al., 2017a).
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Seismic anisotropy (SKS) beneath the southeastern part of the
Lhasa block belt is also relatively weak (Yang et al., 2019). This
low SKS is interpreted to reflect a high geotherm (Chen et al.,
2015a, 2015b). In contrast, the western part of the block shows
stronger seismic anisotropy and higher seismic velocities extend-
ing to depths of 150–200 km, consistent with the presence of a
cooler mantle root. The thick, cool and refractory SCLM mapped
beneath the western part of the Lhasa block by seismic data is con-
sistent with the geochemical evidence that this SCLM root is
ancient, depleted, and only partly refertilized (Xu et al., 2017a).
4. Results

4.1. Petrography and mineral chemistry

The Bairong lamprophyres are porphyritic, with phlogopite
(�10 vol%), amphibole (�7 vol%) and diopside (�3 vol%) phe-
nocrysts. The fine-grained groundmass is comprised of phlogopite,
amphibole, K-feldspar, zircon and titanomagnetite. Phlogopite is
ubiquitous in the lamprophyres and shows large textural and com-
positional variations (Table DR2). Three textural types can be
found. 1) Phl-A: tabular euhedral phenocrysts with inclusion-free
cores and rims containing inclusions of groundmass phases such
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as apatite (Fig. 2C-D); 2) Phl-B: large deformed grains with kinked
morphology and resorbed texture (Fig. 2C-E); 3) Phl-C: large grains
with resorbed textures and zoning (Fig. 2F). Tabular phenocrysts
(Fig. 2C-D) of Phl-A are chemically homogeneous, which are
relatively poor in MgO (17.1–22.1 wt%) contents and high FeOT

(4.7–13.9 wt%) and TiO2 (2.5–5.2 wt%) contents. Phl-B crystals
are Mg-rich (MgO: 20.2–25.4 wt%) with high Al2O3 contents
(12.7–14.3 wt%) and low TiO2 (1.4–3.5 wt%) and FeOT (3.5–7.3 wt
%) contents. Phl-C crystals have slightly high values of Al2O3

(11.3–11.7 wt%) and FeOT (2.0–3.0 wt%) contents (Fig. 3). The most
distinctive feature of this type of phlogopite is its complex
compositional zoning (Fig. 3), including resorbed cores and euhe-
dral, zoned rims. The crystals typically have higher FeO contents
(4.9–8.9 wt%) and lower MgO contents (21.2–23.7 wt%) in the
cores (Fig. 3) than in the rims (MgO 21.9–25.5 wt%, FeOT

2.7–6.7 wt%) (Fig. 3). The MgO-rich rims are compositionally
similar to Phl-B. Large ion lithophile element concentrations vary
between phlogopite types: Sr contents in Phl-A are range of
10–27 ppm, while those of the Phl-B are 12–31 ppm. Cores of
Phl-C grains have Sr contents of 10–29 ppm and 16–41 ppm in
the rim. The rims of Phl-C grains are also strongly enriched in Ni
and Cr contents compared to the cores.
4.2. Zircon U-Pb geochronology with in situ Lu-Hf and O isotopes

Zircons extracted from the Bairong lamprophyres are 50 lm to
80 lm in length, euhedral prisms or subhedral fragments. They
show oscillatory or sector zoning and an absence of inherited zir-
con cores and captured inclusions (Fig.DR1). SHRIMP U-Pb ages
have been acquired on 33 zircon grains from samples BR16-7,
BR16-8 and BR16-9 (Table DR3). They give weighted average
206Pb/238U ages of 11.69 ± 0.27 Ma (MSWD = 1.6, 1r), 12.18 ± 0.
43 Ma (MSWD = 2.6, 1r) and 12.41 ± 0.83 Ma (MSWD = 2.8, 1r,
Fig. 3. Elemental mapping of phlogopite with zoning and variatio
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Fig. 4), respectively. These young ages mean that the lamprophyres
are recording conditions essentially coeval with both the mineral-
ization and the geophysical data. The zircon Hf-O isotopic data for
the Bairong lamprophyres are given in Table DR4 and Fig. 5. The
analyzed igneous zircons show a wide range of eHf (t) from �7.1
to + 9.3 (average: +3.6; median: +4.7; total 72 points) and low
d18O (5.5‰ to 7.7‰; average 6.4‰; median 5.9‰; n = 69) values.
4.3. Whole-rock Sr-Nd-Os isotopic geochemistry

Whole-rock Sr-Nd-Os isotopic data for the Bairong samples are
listed in Tables DR5 and DR6. The samples exhibit variable initial
87Sr/86Sr ratios (0.7073–0.7080) and eNd(t) values (�6.3 to �5.0)
with young Nd isotope model ages (TDM) ranging from 1.47 to
1.66 Ga (Fig. 6). These Sr-Nd isotopic results are similar to those
of the Miocene lamprophyres in the Jiama skarn deposit (91.5�E)
and diabase in the Bangpu porphyry deposit (92�E) (Fig. 6B). The
data also are consistent with those from Late Cretaceous mafic
rocks in the southeast Gangdese belt (Ma et al., 2013) (Fig. 6B).
Whole-rock Re–Os isotopic data and age-corrected Os isotopic
ratios of the Bairong lamprophyres are given in Table DR6. The
concentrations of Os vary from 0.037 to 0.199 ppb. The initial 187-
Os/188Os ratios cover a relatively wide range (0.1382–0.1591;
Fig. 7). The Os model ages (TMA), calculated relative to chondrites
(Shirey and Walker, 1998), vary from 152 to 1964 Ma
(Table DR6); TRD model ages are all negative.
5. Discussion

5.1. Effects of crustal assimilation

Based on geochemical classifications, the Bairong mafic rocks
can be characterized as primitive lamprophyres with a mantle ori-
n from core to rim from the Bairong minettes (south Tibet).



Fig. 4. Concordia plots of U-Pb isotopic data and cathodoluminescence (CL) images for zircons from lamprophyres (BR16-07, BR16-08 and BR16-09, in the Bairong deposit,
south Tibet). The red circle represents the analysis location of SHRIMP dating.

Fig. 5. Plot of eHf(t) isotopes versus O isotopes for zircons separated from the Bairong lamprophyres. The dotted lines denote the two-component mixing trends between the
mantle- and supercrust-derived magmas. Hfpm/Hfc is the ratio of Hf concentrations in the parental mantle magmas (pm) to that in crustal (c) melts, as indicated for each
curve, and the small open circles on the curves represent 10% mixing increments by assuming the mantle zircon has eHf = 12 and d18O = 5.3‰ (Chauvel et al., 2007; Valley
et al., 1998); the supercrustal zircon has eHf = � 12 and d18O = 10‰.
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gin. In the framework of southern Tibet, the geochemical features
of the Bairong lamprophyres distinguish them from UPRs in the
western part, which are proposed to reflect interactions of K-rich
magmas with the continental crust of the Lhasa block (Liu et al.,
2015). The isotopic compositions are more sensitive than trace ele-
ments to the assimilation of distinct components. The shallow-
level assimilation of crustal materials would cause an increase in
(87Sr/86Sr)i and a decrease in eNd(t) in magma suites (e.g., Rogers
et al., 2000). In contrast, the Sr-Nd isotopic compositions of the
Bairong lamprophyres samples do not correlate with increasing
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SiO2 or decreasing MgO contents, again suggesting that crustal
contamination played an insignificant role in their formation (Xu
et al., 2017a). The whole-rock Re-Os isotopic data also tend to
exclude crustal assimilation. Osmium is considered to be strongly
compatible in peridotitic assemblages, whereas Re is moderately
incompatible (e.g., Hauri, 2002; Shirey and Walker, 1998). As a
consequence, mantle residues evolve with extremely low
187Re/188Os ratios (�0.1), leading to unradiogenic 187Os/188Os com-
pared to the primitive upper mantle. On the other hand, basaltic
melts and crustal lithologies show much higher 187Re/188Os ratios



Fig. 6. (A) eNd(t) versus 87Sr/86Sri for the Bairong lamprophyres. In the binary mixing model, the melt from the ancient lithospheric mantle has eNd(t): �17, Nd: 20 ppm,
87Sr/86Sr: 0.71, and Sr: 500 ppm (Huang et al., 2015; Zhu et al., 2012). (B) eNd(t) vs longitude of Gangdese magmatic rocks. Data for the Indus–Yarlung Zangbo Ophiolite are
fromMahoney et al., 1998 and Xu and Castillo, 2004; Data for Gangdese magmatic rocks are from Yang et al., 2015. Data for the westernn ultra-potassic rocks (UPRs) are from
Zhao et al. 2009; Guo et al. 2015; Miller et al. 1999; Guo et al. 2013; Gao et al. 2007b; data for the westernn adakite-like rocks are from Guo et al., 2007; Williams et al., 2001;
Li et al., 2015; Aitchison et al., 2009; Miller et al., 1999; Chen et al 2011; Gao et al., 2010; Hou et al., 2013; data for the eastern adakite-like rocks are from Guo et al., 2007;
Chung et al., 2003; Guan et al., 2012; Zheng et al., 2012; Chen et al., 2015a, 2015b; Aitchison et al., 2009; Wang et al., 2010; Yang et al, 2015; Li et al., 2011; Gao et al., 2007a;
Qu et al., 2004; Hou et al., 2004; Chen et al., 2011; Wang et al., 2012; Zhao et al., 2015a, 2015b; Wu et al., 2016; Xu et al., 2010; Hou et al. 2013; Leng et al., 2013; Zheng et al.
2014; Wang et al. 2014; Gao et al., 2010; Zeng et al., 2017.

Fig. 7. Plot of mixing modeling of Os vs initial 187Os/188Os between primitive upper
mantle (PUM: 187Os/188Os: 0.1296; Os: 3.9 ppm; Becker et al. 2006) and phlogopite-
bearing pyroxenite (187Os/188Os: 0.6; Os: 0.035 ppm; Prelevic et al., 2015b).
Outcomes of models and involved PUM and pyroxenite data are given in Table DR6.
The mixing curves represent the peridotite fraction in the hybrid pyroxenite.
Modeling melting curve 1, 2, 3 and 4 represent different partition coefficients
(D = 15, 10, 5 and 3) for Os partitioning between melt and restite for sulfur-
undersaturated conditions. Data for published Os isotopic data are from Liu et al.,
(2015) and Huang et al., (2015).
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(187Re/188Os of upper crust � 400; Esser and Turekian, 1993), and
therefore evolve rapidly to high 187Os/188Os (Hauri, 2002). There-
fore, the studied lamprophyric magmas (with low Os contents:
0.042 to 0.119 ppb) passing through continental crust (with high
to very high 187Os/188Os) are sensitive to crustal contamination
effects. The studied Bairong lamprophyre samples yield generally
unradiogenic Os isotopic compositions with 187Os/188Os of
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0.1381–0.1771, within the range of OIB values, and much lower
than continental crust, arguing against extensive crustal contami-
nation. (Fig. 7; upper crust: 187Os/188Os = 1.4 ± 0.3; lower crust: 187-
Os/188Os = 0.795; Saal et al., 1998, Peucker-Ehrenbrink and Jahn,
2001). Hence, the Bairong lamprophyres apparently have not
undergone significant crustal contamination.

5.2. Characterization of the lamprophyric magma

The Bairong mafic lamprophyres are ultrapotassic rocks of man-
tle origin (K2O/Na2O > 2, K2O > 3 wt%, and MgO > 8 wt%, Xu et al.,
2017a). The mafic-rich (SiO2 < 55 wt% and MgO > 8 wt%) K-rich
magmas in the post-collisional settings are usually regarded as
derived by low-degree partial melting of volatile-enriched,
phlogopite-bearing peridotites (e.g., Tommasini et al., 2011; refer-
ences therein), and/or pyroxenite-bearing mantle, (e.g., Huang
et al., 2015; references therein). The Bairong lamprophyres have
major- and trace-element compositions similar to other Mg-rich
UPRs in the Mediterranean-Himalayan belt, and may reflect the
same genetic mechanism. In the Lhasa block, UPRs have high
MgO, K2O contents and significant LILE enrichment, implying a
volatile-enriched mantle source (Xu et al., 2017a). Volatile-
bearing minerals such as phlogopite are the major host phases
for LILE in the lithospheric mantle (Foley et al., 1987). Melts in
equilibrium with phlogopite are expected to have significantly
lower Rb/Sr (<0.1) and higher Ba/Rb (>20) than melts in equilib-
rium with amphibole. The Bairong lamprophyres have relatively
low Rb/Sr (0.02–0.13) and high Ba/Rb (12–54) ratios, consistent
with an abundance of phlogopites in the melting source (Fig. 9).
The identification of phlogopite in the source region of these rocks
suggests that metasomatism by fluids occurred prior to melting
(Prelević et al., 2008). This metasomatism may have been related
to accretion of subducted oceanic crust and/or sediments in the
mantle and/or advection of sediment-derived fluids-melts
(Prelević et al., 2008). The UPRs were subsequently generated by
heating of the SCLM source, perhaps caused by a transition in tec-
tonic regime during slab breakoff or the tearing or thinning of the



Fig. 9. Rb/Sr vs. Ba/Rb diagram of Bairong lamprophyres (Furman and Graham,
1999).
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lithospheric root, resulting in the upwelling of asthenosphere (e.g.,
Miller et al., 1999, and references therein). Therefore, both a
depleted source with previous metasomatised material (e.g.,
Conticelli et al., 2009) and the upwelling of asthenospheric materi-
als have been proposed (e.g., Prelević et al., 2015a; Xu et al.,
2017a).

5.3. The interaction of lithosphere and asthenosphere at mantle depths

At Bairong, the presence of both refractory and fertile compo-
nents may indicate the interaction between two different magmas,
and subsequent mixing in the continental root.

5.3.1. Petrographic and Mineral-chemical evidence for hybridization
The phlogopite classification follows that of Fritschle et al.

(2013), who established compositional arrays for xenocrysts and
phenocrysts based on variations in Al2O3 and FeOT. Phlogopites
in the Bairong lamprophyres fit both of these two arrays (Fig. 8).
The resorbed Phl-B are similar to xenocrysts, which have lower
FeOT contents and higher Al2O3 contents than the Phl-A phe-
nocrysts (Fig. 8). Phenocrysts of Phl-A are characterized by low
Ti, Fe contents and high Mg# values, and one population has higher
Cr and F contents (Fig. 3), which may reflect distinct sources. This
coexistence of different types of phlogopites could reflect
hybridization processes. The Phl-C, in particular, are texturally
and compositionally diverse. They show resorbed cores and zoning,
Fig. 8. Compositional variations of phlogopite from Bairong lamprophyres. A) Al2O3

vs FeOT and B) Sr/Ta vs Zr/Nb, with indication of the xenocryst, phenocryst and
groundmass arrays according to Fritschle et al., (2013).
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with low Mg# values but high Al2O3 contents in the core, which is
surrounded by a zone with distinctly higher Mg# values, Cr and Ni
contents (Fig. 3). The sharp and irregular boundary between the
phlogopite core and mantle indicates that the latter formed as an
overgrowth from a magma with a different composition. Based
on the compositional plot, the Phl-C cores are characteristic of
xenocrysts (Fig. 8). These xenocrysts were subsequently resorbed
and overgrown by rims with higher Mg# values, lower Fe, Ti and
Al contents (Fig. 8), similar to the phenocryst micas. We suggest
this difference may reflect the reaction of asthenospheric melts
with the older sub-continental lithospheric mantle, which is likely
to be more depleted in Al contents, and higher in Mg# values and
refractory elements such as Cr and Ni contents, than younger litho-
sphere (Griffin et al., 2009). Trace-element ratios of elements with
similar geochemistry, such as Sr/Ta and Zr/Nb ratios, can distin-
guish different generations of phlogopites, especially in terms of
lithospheric vs asthenospheric melts (Prelević et al., 2008). In phl-
ogopites from K-rich melts, low Zr/Nb and Sr/Ta ratios are regarded
as signatures of the asthenosphere, whereas higher ratios are inter-
preted as a signature of the metasomatised mantle (Fritschle et al.,
2013). Whole-rock analyses of K-rich magmas of the Tethyan-
Himalayan realm, derived from the convecting mantle, usually
exhibit low Zr/Nb and Sr/Ta ratios (Conticelli et al., 2009). Fig. 8B
illustrates core-to-rim variations in Sr/Ta and Zr/Nb ratios in Phl-
A, Phl-B and Phl-C in the Bairong lamprophyres. Xenocrystic Phl-
B has high Zr/Nb and Sr/Ta ratios, compared with phenocrystic
Phl-A. Moreover, Phl-C has relatively low Zr/Nb and Sr/Ta ratio in
the cores, compared to the rims (Fig. 8B). We suggest that the
low values of these ratios and depletion of these samples in LILE,
coupled with their relative enrichment in Nb and Ta, show that
Phl-A and Phl-C cores crystallized from asthenosphere-derived
melts. In contrast, Phl-B crystallized in melts derived from the
metasomatised lithospheric mantle, giving the high Sr/Ta, Zr/Nb
ratios and LILE, and low contents of Nb and Ta. Thus the core and
rim compositions of Phl-C indicate crystallization from
asthenosphere- and lithosphere-derived melts, respectively.
Therefore, both petrography and mineral chemistry suggest
magma mixing in the continental root.

5.3.2. Geochemical evidence of magma mixing
The isotopic compositions of the Bairong lamprophyres also

suggest the interaction of asthenosphere and the lithospheric
mantle.
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5.3.2.1. Sr-Nd evidence. The isotopic data suggest that the Bairong
lamprophyres also contain fertile components. The western
Gangdese UPRs have high 87Sr/86Sr ratios of 0.7067–0.7203 and
low 143Nd/144Nd ratios (eNd(t): �7.8 to �16.9; TDM: 1.87 to
3.36 Ga Fig. 6; e.g., Zhao et al., 2009; Liu et al., 2015). In contrast,
the Bairong lamprophyres have unradiogenic 87Sr/86Sr (0.7073–
0.7080) and young eNd(t) depleted mantle model ages (TDM:
1.47–1.66 Ga), which suggest that enriched lithospheric mantle
alone is unable to produce the Bairong lamprophyres; they require
a contribution from an asthenospheric mantle source, and a rela-
tively fertile SCLM.

These results are also consistent with the presence in the east-
ern Lhasa block of adakite-like rocks regarded as having a juvenile
origin (87Sr/86Sr: 0.703–0.719, eNd(t): �8.1 to + 5.5, Fig. 6). Thus,
the variations in Sr-Nd isotopic compositions in the whole Lhasa
block (Fig. 6) may further reflect varying degrees of refertilization
in the source mantle. Many cases of the transformation of highly
refractory lithospheric mantle (harzburgites) via refertilization to
produce relatively fertile peridotites (lherzolites) and/or pyroxen-
ites have been documented (e.g., Raffone et al., 2009). To define
the asthenospheric materials involved, we performed geochemical
modeling based on binary mixing (Fig. 6A; Langmuir et al., 1978).
In this model, the N-MORB type basalts in the Cretaceous
Yarlung-Zangbo Ophiolite represent the regional depleted-mantle
isotopic composition (e.g., Mahoney et al., 1998). The primitive
melt of the ancient lithosphere mantle is taken from previous stud-
ies of Tibetan UPRs which regarded them as derived from an old
SCLM (Huang et al., 2015), and harzburgite xenoliths (Liu et al.,
2011b). The results indicate that 20%-30% of ancient lithospheric
mantle material in the mantle source would produce the Sr–Nd
isotopic compositions of the Bairong lamprophyres (Fig. 6A).

5.3.2.2. Os isotopes. The Re-Os isotopic system is well-suited to
study mixing in a peridotite-pyroxenite mantle, due to the compat-
ible behavior of the daughter element Os and their different iso-
topic end-members (e.g., Day et al., 2009). Pyroxenite layers may
be common in the SCLM (e.g., Hirschmann and Stolper, 1996;
Day et al., 2009) and may have formed by reaction between mantle
peridotites and melts derived from ancient rocks, and/or as wall
rocks of mafic layers that melted and transformed adjacent mantle
(e.g., Sergeev et al., 2014). The Lhasa block also probably has a
pyroxenite-bearing lithospheric mantle, as suggested by the high
initial 187Os/188Os ratios of K-rich melts (0.132–0.245; Huang
et al., 2015; Liu et al., 2015), and the pyroxenite xenoliths that have
been found in ultrapotassic rocks from southern Tibet (Zhao et al.,
2009; Liu et al., 2011a). We therefore modeled mixing between
primitive upper mantle (PUM) and pyroxenite, to determine the
percentage of primitive mantle involved. In this model, PUM repre-
sents the depleted-mantle isotopic composition (187Os/188Os:
0.1296; Os: 3.9 ppm; Becker et al., 2006). The pyroxenite is taken
from Balkans phlogopite-bearing pyroxenites, regarded as derived
from a refractory pyroxenite source (187Os/188Os: 0.6; Os:
0.035 ppm; Prelević et al., 2015b). If we model the UPR as the prod-
ucts of low-degree partial melting (F = 5%), we find that the Bairong
lamprophyres require � 10% melting of primitive mantle (Fig. 7). In
contrast, the production of the western UPRs required melting of a
higher proportion of pyroxenite, and < 10% of PUM.

5.3.2.3. Zircon Hf-O isotopes. Unlike whole-rock samples, zircons
can record the evolving isotopic compositions of magmas, and thus
preserve details of sequential contributions from isotopically dis-
tinct components in an evolving magma (e.g., Kemp et al., 2007).
Zircon Hf-O isotopes are effective tools for tracing magma forma-
tion and evolution (Kinny & Maas, 2003). Compared with UPRs in
western Lhasa block, zircons in the Bairong lamprophyres have
more radiogenic Hf isotopic compositions (eHf(t) values of + 1.0
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to + 10.8; average and median: +4.7) and lighter O-isotopes (d18O
values of 5.5‰ to 7.7‰; average 6.4‰; median 5.9‰), Such rela-
tively high eHf(t) and low d18O values in the igneous zircons are
consistent with crystallization from Cretaceous asthenosphere-
derived melts (Fig. 5; Ma et al., 2013). However, some high zircon
d18O (>6.0‰) and low eHf(t) (<0) values from the UPRs suggest that
they also contain an older and 18O-enriched supracrustal compo-
nent (Kemp et al., 2007).

5.3.2.4. Geochemical evidence: summary. Collectively, the Bairong
lamprophyres have ‘‘hybrid” Sr-Nd-Os and zircon Hf-O isotopic
compositions. These hybrid isotopic characteristics reflect a multi-
component source that can be modeled by interaction between the
asthenosphere (melts and heat) and a continental lithospheric
mantle that had been metasomatized previously, probably by
slab-derived fluids/melts. Combined with the presence of isotopi-
cally young Nd values (TDM: 1.47–1.66 Ga; Table DR5), we propose
that the Bairong lamprophyres record melting of both metasoma-
tised refractory sources (harzburgite) and asthenospheric material.
Asthenospheric upwelling at high temperature may be essential to
induce melting of the lithospheric mantle, and may be the main
mechanism of replacement of refractory mantle (Fig. 10). This sce-
nario coincides with the development of Cu-Mo porphyries
through melting of the lower crust under the higher geothermal
gradient triggered by asthenosphere upwelling in the Bairong area.

5.4. Keel of the Lhasa block refertilized by asthenospheric Upwelling:
Implications for ore systems and geophysical signature

To sum up, it realized that the Bairong ore-forming elements
introduced by repeated fertilisation during asthenosphere-
lithosphere interaction. The specific evidence is as follows: (1)
The zoning phlogopites in the lamprophyres reflect partial dissolu-
tion and incipient melting with low Mg# values but high Al2O3

contents in core, and are surrounded by a zone with high Mg# val-
ues; (2) The zircons show juvenile eHf (t) (+1.0 � +10.9) and low
d18O (5.5‰ � 7.7‰) values, and variable initial 87Sr/86Sr ratios
(0.7073–0.7080), eNd(t) values (-6.3 � -5.0) and initial 187Os/188Os
ratios (0.1382–0.1591) of whole rock suggest hybridization
between lithosphere mantle and asthenospheric melts; (3) The 3-
D magnetotelluric and seismic signature of the Gangdese mineral
belt reflects a mantle source region comprising asthenosphere,
old refractory lithosphere, ponded mafic melts near the crust-
mantle boundary, and higher-level magma chambers where more
extensive mixing between crust- and mantle-derived melts occurs.

The formation of porphyry deposits involves a sequence of
events whereby metal is mobilized and scavenged from the
metal-rich source (e.g.,Wilkinson, 2013). The volatile (S, Cl and
water)-enriched components and heat are the key to melting and
moving the metal from a Cu-rich reservoir near the crust-mantle
boundary to the surface (e.g., Griffin et al., 2013). Exsolution of a
Cl-rich, high-temperature aqueous melt/fluid enables metals to
partition from the magma into a highly mobile volatile phase that
can transport them from the deep metal-rich source to the surface
(e.g., Shinohara 1994). During arc magmatism, such fluids are the
key to transporting chalcophile and siderophile metals from the
deep crust and/or mantle into the upper crust, where they may
be further concentrated by magmatic-hydrothermal processes to
form ore deposits. In SE Tibet, metal-enriched lower-crustal
amphibolites and garnet amphibolites have been found with up
to 445 ppm Cu (Hou et al., 2017), and a Cu-rich amphibolite-clot
in one of the Gangdese belt porphyries contained up to 140 ppm
Cu (Xu et al., 2017b). These occurrences suggest that the break-
down of sulfides in the lower crust during remelting by hot and
volatile-rich magmas may have played a significant role in the gen-
eration of Tibetan porphyry systems.



Fig. 10. (A) A vertical slice of 3-D electrical structure beneath Lhasa block frommagnetotelluric data (Wang et al., 2017). (B) Model of asthenophere upwelling induced mixing
with lithospheric mantle and generation of mafic lamprophyres. Accumulation and subsequent partial melting of primitive mantle melts stalling at the crust-mantle
boundary; formation of large, compositionally zoned magma chamber in the crust, which are repeatedly replenished by ascending mafic magmas.
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The heat flux provided by upwelling of asthenospheric mantle,
driven by ongoing slab rollback or slab breakoff or the tearing or
thinning of the South Tibetan lithospheric root, generated mafic
melts in the eastern Gangdese belt, consistent with the high elec-
trical conductivity reflected in the magnetotelluric image
(Fig. 10A). These mafic melts entrained volatiles and formed an
underplate near the crust-mantle boundary where they cooled
slowly, while their magma chambers were intermittently replen-
ished during fractional crystallisation of layered ultramafic–mafic
cumulate complexes on the chamber floor (O’Reilly and Griffin,
2010; Fig. 10). The accumulation of dissolved volatiles (H2O, Cl
and S) through a succession of replenishment/crystallisation epi-
sodes in deep-seated magma chambers could trigger partial melt-
ing of the Tibetan metal-enriched lower crust. Higher volatile
activities in melts foster prolific crystallisation of amphibole earlier
in the crystallisation sequence of later cycles, thereby depleting the
melt in Y and heavy REE, and driving up its Sr/Y ratio to produce
the distinctive chemical signatures of Miocene fertile porphyry
ore-forming magmas in Tibet (Yang et al., 2015). The ore systems
in the Gangdese metallogenic belt, represented by red symbols
on Fig. 1, are coincident in time (Miocene; 23–10 Ma) and space
(87�E �93�E) with the underplating of mafic magmas (Fig. 10).
By contrast, in the western part of the Gangdese belt, extensive
asthenospheric upwelling was hindered by a cold, thick and refrac-
tory lithospheric mantle, giving rise to a completely different geo-
physical signature.
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We therefore argue that upwelling asthenosphere induced
major thermal anomalies in the southeastern part of the Lhasa
block and the Gangdese Cu metallogenic belt, resulting in advec-
tive heating and melting of the preexisting lithospheric keel. The
Lhasa block is a Precambrian terrane, rifted away from Gondwana
(Zhu et al., 2011). In the Phanerozoic, large amounts of juvenile
material were incorporated into the crust beneath this block
(Hou et al., 2015). The widespread production of juvenile crustal
materials requires a substantial heat input, and probably reflects
underplating of mafic magma. The input of these juvenile materials
in the southeast Lhasa block suggests that asthenospheric input
has modified the remaining lithospheric relics, and replaced the
pre-existing lithosphere with a relative thin, fertile and hot SCLM.
These same processes generated the lower velocity and the deep
conductor that characterize the geophysical signature of the east-
ern Gangdese mineral belt (Fig. 1B and Fig. 10B).
6. Conclusions

The Bairong lamprophyres have distinct phlogopite composi-
tions and Sr-Nd-Os-Hf-O isotopic characteristics, revealing the
presence of asthenospheric components. They are most plausibly
derived from a mixed mantle source region composed of astheno-
sphere and preexisting lithosphere. The upwelling of astheno-
spheric mantle is the main mechanism for the exchange of heat
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and material involved in the generation of young and fertile litho-
sphere beneath the southeast Lhasa block. The mafic magmas gen-
erated by such upwelling entrained and expelled volatiles and
metals, remelted the lower crust, and ultimately generated the
ore-forming magmas and fluids of the Gangdese belt. These pro-
cesses are continuing, and have produced the distinctive geophys-
ical signature of the mineralization, with low seismic velocities and
high electrical conductivity in the uppermost mantle and higher
into the crust beneath the fertile Cu porphyries.
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